AM, Shen H. Interaction of caveolin-1 with ATG12-ATG5 system suppresses autophagy in lung epithelial cells. Am J Physiol Lung Cell Mol Physiol 306: L1016 -L1025, 2014. First published April 11, 2014 doi:10.1152/ajplung.00268.2013.-Autophagy plays a pivotal role in cellular homeostasis and adaptation to adverse environments, although the regulation of this process remains incompletely understood. We have recently observed that caveolin-1 (Cav-1), a major constituent of lipid rafts on plasma membrane, can regulate autophagy in cigarette smoking-induced injury of lung epithelium, although the underlying molecular mechanisms remain incompletely understood. In the present study we found that Cav-1 interacted with and regulated the expression of ATG12-ATG5, an ubiquitin-like conjugation system crucial for autophagosome formation, in lung epithelial Beas-2B cells. Deletion of Cav-1 increased basal and starvation-induced levels of ATG12-ATG5 and autophagy. Biochemical analyses revealed that Cav-1 interacted with ATG5, ATG12, and their active complex ATG12-ATG5. Overexpression of ATG5 or ATG12 increased their interactions with Cav-1, the formation of ATG12-ATG5 conjugate, and the subsequent basal levels of autophagy but resulted in decreased interactions between Cav-1 and another molecule. Knockdown of ATG12 enhanced the ATG5-Cav-1 interaction. Mutation of the Cav-1 binding motif on ATG12 disrupted their interaction and further augmented autophagy. Cav-1 also regulated the expression of ATG16L, another autophagy protein associating with the ATG12-ATG5 conjugate during autophagosome formation. Altogether these studies clearly demonstrate that Cav-1 competitively interacts with the ATG12-ATG5 system to suppress the formation and function of the latter in lung epithelial cells, thereby providing new insights into the molecular mechanisms by which Cav-1 regulates autophagy and suggesting the important function of Cav-1 in certain lung diseases via regulation of autophagy homeostasis.
eration (20, 42) . Autophagy is induced above basal levels in response to diverse stimuli including nutrient starvation, genotoxic agents, cytokines, and oxidative stress. This process provides an essential function in the maintenance of cellular homeostasis and adaptation to adverse environments (16, 29, 35) .
More than 30 autophagy-related genes and gene products critical in the regulation of autophagy, designated "ATG," have been identified heretofore in yeast and higher mammals (13) . Autophagosome formation requires two ubiquitin-like conjugation systems, the ATG12 and the microtubule-associated protein 1 light chain 3 B (LC3B, yeast ATG8) systems, which are tightly associated with expansion of autophagosomal membrane. The ATG12 system is located upstream of the LC3B system in the context of ATG protein organization. ATG12 is finally conjugated to ATG5, forming the irreversible ATG12-ATG5 complex, which strongly enhances the formation of LC3B-phosphatidylethanolamine conjugation (12) . In mammals, the conversion of LC3B from LC3B-I (free form) to LC3B-II (phosphatidylethanolamine-conjugated form) represents a key step in autophagosome formation (15) .
Caveolae are 50-to 100-nm omega-shaped invaginations of the cell surface plasma membrane that are enriched in glycosphingolipids and cholesterol (6, 17) . Caveolae occur in a variety of cell types including epithelial cells, endothelial cells, fibroblasts, smooth muscle cells, and adipocytes. Caveolin-1 (Cav-1), a 21-to 24-kDa protein, is a major resident scaffolding protein constituent of caveolae that participates in vesicular trafficking and signal transduction events (6, 7, 17) . This molecule has been known to interact with various pathophysiologically important molecules such as inflammatory regulator Toll-like receptor (40) , apoptotic factors Fas and Bid (43) , and antioxidant molecule heme oxygenase-1 (14) . We have recently observed that Cav-1 can regulate autophagy in contexts of cigarette smoking-induced chronic obstructive pulmonary disease (COPD) and hypoxia-induced pulmonary hypertension (5, 19, 36) ; however, the detailed molecular mechanisms by which Cav-1 regulates autophagy remain incompletely understood.
In the present study, we found that Cav-1 could interact with ATG5 and ATG12, and their active complex ATG12-ATG5, thereby suppressing the formation and activity of ATG12-ATG5 conjugate and subsequent autophagy in lung epithelial cells. These data demonstrated an alternative mechanism for Cav-1 to suppress autophagy in addition to previous studies (5, 19, 36) and reemphasized the important role of Cav-1 in regulation of autophagy homeostasis in certain lung diseases.
MATERIALS AND METHODS
Cell culture. Beas-2B lung epithelial cells were purchased from American Type Culture Collection (CRL-9609), and mouse lung fibroblasts were isolated from wild-type C57BL6 or Cav-1 knockout mice (Jackson Laboratory, no. 007083) as described previously (32, 41) . All cells were maintained in DMEM containing 10% fetal bovine serum and antibiotics. For starvation, full culture medium was replaced by Hanks' balanced salt solution (HBSS, Invitrogen, no. 24020-117) for indicated times. For autophagic flux assay, bafilomycin A1 (BafA1, Sigma, B1793) was used to inhibit the autophagosome-lysosome fusion.
Transfection of siRNA and cDNA. Human Cav-1-siRNA was from Dharmacon (L-003467-00), and ATG12-siRNA was obtained from Qiagen (SI02655289). The siRNA was transfected into cells by using the transfection reagent Lipofectamine 2000 (Invitrogen, no. 11668019). Human wild-type ATG12 cDNA was obtained from Origene (SC117215), and the monomeric red fluorescent protein (RFP)-Cav-1 was from Addgene (www.addgene.org). The mutant derivative of ATG12 was performed with the QuikChange II SiteDirected Mutagenesis Kit (Stratagene, no. 200555), following the supplier's protocol. All cDNAs were transfected into Beas-2B cells by using Lipofectamine 2000 (Invitrogen, no. 11668019).
Immunoprecipitation and immunoblotting analysis. Immunoprecipitation (IP) and immunoblotting (IB) were performed essentially as previously described (32, 41) . Antibodies against LC3B (L7543) and ␤-actin (A5441) were from Sigma. The Cav-1 antibody was obtained from BD Transduction Laboratories (no. 610406). ATG5 antibodies were from Santa Cruz Biotechnology (sc-33210) or Cell Signaling (no. 2630). ATG12 antibodies were purchased from Abgent (AP1816a) or Cell Signaling (no. 2010). ATG16L antibody was also a product of Cell Signaling (no. 8089).
Real-time PCR. Total RNA was extracted from cells by using TRIzol (Invitrogen) according to the manufacturer's instructions and reverse transcribed into cDNA with random hexamers and Superscript II reverse transcriptase (Invitrogen). The relative levels of ATG5 and ATG12 mRNA transcripts to control GAPDH were determined by quantitative real-time PCR using the SYBR Green system (Takara) on a spectrofluorometric thermal cycler (ABI 7500 system).
Sucrose-gradient subcellular fractionation. Sucrose gradient-derived fractions were separated as described previously (41) . In brief, cells were lysed in ice-cold MBS buffer (25 mM Mes, pH 6.5, 150 mM NaCl, 1% Triton X-100, 1 mM Na 3VO4, and protease inhibitors). Lysates were adjusted to 4 ml of 40% sucrose by mixing with 2 ml of 80% sucrose and overlaid with 4 ml of 35% sucrose and 4 ml of 5% sucrose in MBS buffer. Samples were ultracentrifuged at 39,000 rpm for 18 h [SW41 rotor (Beckman Instruments)] and fractionated into 12 subfractions.
Confocal imaging study. After treatment, cells were fixed with 4% paraformaldehyde and analyzed with the immunofluorescence staining protocol as described previously (32) . Samples were viewed with an Olympus Fluoview 300 confocal laser scanning head with an Olympus IX70 inverted microscope.
Image quantification and statistics. Immunoblots were quantified by use of the ImageJ software downloaded from the NIH website. All data of at least three independent experiments are expressed as means Ϯ SD and analyzed by Student's t-test with SPSS 13.0 software. Values of P Ͻ 0.05 were considered to be statistically significant.
RESULTS

Cav-1 regulates the expression of ATG12-ATG5 in addition
to LC3B. Because we have recently observed that Cav-1 can modulate cigarette smoking-or hypoxia-induced autophagy (5, 19, 36) , the initial purposes of the present study are to examine whether Cav-1 can also regulate autophagy in classical models such as starvation and to investigate whether it can modulate expression of other autophagic molecules. In agreement with our previous findings in other autophagy models, siRNAdependent knockdown of Cav-1 also significantly increased starvation-induced autophagy in lung epithelial Beas-2B cells (Fig. 1A) . More interestingly, the knockdown of Cav-1 not only upregulated the levels of LC3B-II but also increased the starvation-induced expression of ATG12-ATG5 (Fig. 1A) , an important upstream complex responsible for LC3B lipidation. Furthermore, Cav-1-siRNA exerted no appreciable effects on the basal expression of p-S-6 (Fig. 1A) , a hallmark reflecting the activity of mammalian target of rapamycin (mTOR) which is the crucial upstream signaling of autophagy. In case of starvation, the level of p-S-6 in Cav-1-siRNA-treated cells was even a little higher than that in control cells, which was not consistent with the enhanced levels of autophagy in Cav-1 deficiency cells. These data suggested that Cav-1 regulation of autophagy was not likely through modulation of mTOR activity, but most likely through the autophagy machinery itself.
The expression of LC3B-II in Cav-1-siRNA-treated cells was further increased by bafilomycin A1 (BafA1, Fig. 1B ), a well-characterized lysosome inhibitor, suggesting that the increased levels of LC3B-II by Cav-1 deficiency were indeed induced, rather than due to an impaired autophagosome-lysosome fusion. The mRNA transcripts of both ATG5 and ATG12 were notably induced by starvation in control cells but were not induced in Cav-1-siRNA-treated cells (Fig. 1C) , which strongly indicated that the increased level of ATG12-ATG5 in Cav-1 deficiency cells was not likely due to an increased protein synthesis. Similarly, starvation-induced autophagy was also enhanced in Cav-1 deficiency lung fibroblasts, again with increased levels of both LC3B-II and ATG12-ATG5 (Fig. 1D) . Furthermore, the increased autophagy in Cav-1 deficiency fibroblasts appeared to be reversible, as "knock-in" back of Cav-1 using adenovirus in these cells decreased the expression of both LC3B-II and ATG12-ATG5 (Fig. 1E) .
Cav-1 physically interacts with the ATG12-ATG5 system. We next sought to explore the mechanisms how Cav-1 regulates the levels of ATG12-ATG5. Since Cav-1 is readily to physically interact with various proteins and regulate their function and expression, we then examined the possible interactions between Cav-1 and ATG5 or ATG12. IP studies revealed that both ATG5 and ATG12 appeared to interact with Cav-1 under basal conditions, and these basic interactions were disrupted by starvation ( Fig. 2A) . Reversed IP assays further confirmed that both free forms of ATG12 and ATG5 effectively reacted with Cav-1, and these reactions were decreased during starvation ( Fig. 2A) . Intriguingly, the IP assays also demonstrated that the interaction between Cav-1 and the ATG12-ATG5 conjugate was declined during starvation, despite that the cellular level of ATG12-ATG5 was slightly increased ( Fig. 2A) .
We also examined the reactions between Cav-1 and the ATG12-ATG5 system in other autophagy model and in other cell type, and similar kinetics has been observed in cigarette smoke extract (CSE) treated Beas-2B cells (Fig. 2B ) and in starvation treated wild-type lung fibroblasts (Fig. 2C ), suggesting that ubiquitous interactions exist between these molecules.
ATG12-ATG5 interacts with Cav-1 in cytosol.
Our recent studies have demonstrated that partial LC3B interacts with Cav-1 and Fas to form a triple death complex in the plasma membrane lipid rafts (5, 19), we therefore attempted to exam- ine whether the ATG12-ATG5 system also partially localizes to lipid rafts. Subcellular fractionation experiments showed that a very small amount of ATG12-ATG5 localized to lowdensity Cav-1 containing fractions 3-5 under basal conditions in Beas-2B cells and lung fibroblasts, whereas most of the free ATG5 and ATG12-ATG5 conjugate were in fractions 9 -12 ( Fig. 3A) . Interestingly, although we have confirmed that the free form of ATG5 can also react with Cav-1, it appeared not to localize to float fractions 3-5, since in both Beas-2B cells and fibroblasts inappreciable free ATG5 existed in these fractions (Fig. 3A) . However, confocal imaging analysis revealed that the reactions between Cav-1 and ATG12-ATG5 system in Beas-2B cells exhibited mostly all over the cytosol and even in nucleus but not much on plasma membrane (Fig. 3B) . In fact, we have recently observed that, in Beas-2B cells, Cav-1 distributed majorly in cytosol as well as in nucleus (22) .
Competitive reactions between ATG5, ATG12, and Cav-1. To further clarify the complicated interactions between ATG5, ATG12, and Cav-1, we tried to modulate their reactions using plasmid cDNA or siRNA. As expected, overexpression of ATG5 resulted in an increased ATG12-ATG5 conjugation and therefore enhanced the basal autophagy levels (Fig. 4A) , which is consistent with other recent reports (34, 39) . The BafA1 flux assay further demonstrated that ATG5 overexpression increased the autophagosome formation rather than decreased the autophagosome maturation (Fig. 4B) . Interestingly, overexpression of ATG5 increased the interaction between ATG5 and Cav-1, whereas it decreased that between ATG12 and Cav-1 (Fig. 4C) . Genetic knockdown of ATG12 by siRNA markedly decreased the cellular ATG12-ATG5 conjugate as well as its interaction with Cav-1, but further increased the interaction between Cav-1 and the free form of ATG5 (Fig. 4D) . These data altogether strongly suggested a competitive mechanism of the interactions among ATG5, ATG12, and Cav-1.
Mutation of the Cav-1-binding motif on ATG12 disrupts the interaction between these molecules. Proteins that bind Cav-1 typically contain canonical Cav-1-binding motifs (CBMs), ⌽X⌽XXXX⌽ or ⌽XXXX⌽XX⌽, where ⌽ refers to an aromatic amino acid (W, F, or Y) and X is any nonaromatic amino acid, although proteins without such motifs are also capable of binding to Cav-1 (5, 40) . A detailed analysis of the amino acid sequence of ATG5 and ATG12 revealed that ATG5 has no such typical CBM, whereas ATG12 contains a sequence 101FIYVNQSFAP110, an exact consensus of CBM. Overexpression of wild-type ATG12 also increased the levels of autophagy, as revealed by the enhanced ATG12-ATG5 conjugation, the increased LC3B-II expression (Fig. 5A) , and the autophagic flux results (Fig. 5B) . To examine whether the CBM sequence on ATG12 mediates the ATG12-Cav-1 interaction, we generated amino acid substitution mutants of ATG12 at position Y103. Interestingly, overexpression of wild-type ATG12 increased its interaction with Cav-1, which was effectively attenuated by Y103A mutation, an aromaticto-nonaromatic amino acid substitution (Fig. 5C ). Moreover, this Y103A mutation further increased the levels of starvationinduced autophagy (LC3B-II) relative to the wild-type ATG12 control (Fig. 5D) .
Cav-1 regulates the expression of ATG16L.
It has been well established that the ATG12-ATG5 conjugate forms a complex with ATG16L in mammals (13, 20, 42) , and this triplex plays an essential role in autophagosome formation. We were therefore interested in examining whether Cav-1 could also regulate the expression of ATG16L in Beas-2B cells. Notably, siRNAdependent knockdown or cDNA-based overexpression of Cav-1 significantly increased or decreased the expression of ATG16L, respectively (Fig. 6A) , which was in complete agreement with the function of Cav-1 in regulation of autophagy. Moreover, RT-PCR analysis revealed that the mRNA expression of ATG16L were not affected by Cav-1 (Fig. 6B) , suggesting a posttranscriptional regulation mechanism.
DISCUSSION
Cav-1 has been known to regulate a variety of signaling pathways, primarily through its physical interaction with target proteins. The typical Cav-1-protein interaction occurs through the scaffolding domain in Cav-1 and the CBM in target proteins, such as endothelial nitric oxide synthase (11), Tolllike receptor 4 (40) , and activin receptor-like kinase 1 (37) . We have recently observed that the autophagy protein LC3B and transcription factor nuclear erythroid 2 p45-related factor-2 (Nrf2), respectively, contain amino acid sequences very similar to CBM, and these similar structures mediate the interactions of Cav-1-LC3B (4) and Cav-1-Nrf2 (22) . In the present study, we have also found that a typical CBM is presented in ATG12, which also mediates its interaction with Cav-1, as mutation of the CBM in ATG12 effectively disrupted their association. We , and followed by BafA1 (100 nM) treatment for 2 h (B). Samples were then subjected to Western blot analysis. Blots were quantified from 3 independent results. C: control plasmid, wild-type ATG12 (WT-ATG12), or mutated ATG12Y103A were transfected into Beas-2B cells for 48 h. Samples were subjected to IP assays as indicated. Cellular Cav-1 and ␤-actin derived from same cell lysates of IP experiments served as input controls. D: Beas-2B cells were transfected with WT-ATG12 or ATG12Y103A for 48 h. Cell were then starved by HBSS for 2 h, with or without BafA1, and analyzed by Western blot for LC3B. Blots were quantified from 3 independent results. *Significant difference (P Ͻ 0.05).
have carefully looked at several autophagy-related proteins such as Beclin-1, ATG4B, ATG7, ATG16L, and ATG5 and found no typical CBM in these proteins. Other autophagy proteins, however, have not been checked.
Certain proteins without such typical CBM can also interact with Cav-1 (6, 8, 17) . For example, we have found that the apoptotic factor Fas has no CBM but binds to Cav-1 through the palmitoylation domains, and in such a case the mutation of the Cav-1 scaffolding domain has little effect on the Cav-1-Fas interaction (5) . In the present study, we have also observed that ATG5 can effectively interact with Cav-1, although it does not contain a typical or similar CBM. The free form of ATG5 appeared to be not localized in the lipid raft fractions (Fig. 3A) , but it can be effectively pulled down by Cav-1 ( Fig. 2A) , and knockdown of ATG12 further increased the ATG5-Cav-1 interaction (Fig. 4D) , strongly suggesting that an interaction indeed occurs between ATG5 and Cav-1 that is not medicated by ATG12.
Therefore, ATG5, ATG12, and Cav-1 form a variety of complex forms, ATG12-ATG5, ATG5-Cav-1, ATG12-Cav-1, and a triplex ATG12-ATG5-Cav-1, and Cav-1 effectively modulates the expression and function of ATG12-ATG5. The interactions between ATG5, ATG12, and Cav-1 appear to be competitive with each other. Cav-1 deficiency resulted in an increased ATG12-ATG5 interaction (Fig. 1, A and C) , and, similarly, knockdown of ATG12 led to an increased ATG5-Cav-1 interaction (Fig. 4D) . On the other hand, overexpression of ATG5 increased the levels of ATG5-Cav-1 and ATG12-ATG5 but decreased the interaction of ATG12-Cav-1 (Fig. 4,  A and C) . All these data strongly demonstrate a competitive mechanism of the interactions among these three proteins.
It might be noteworthy that after overexpression or knockdown of the cellular basal levels of ATG12 or ATG5 (Figs. 4C,  4D , and 5C), the interaction between Cav-1 and another molecule was reversely regulated despite the correspondingly changed ATG12-ATG5 conjugate (e.g., in case of ATG5 overexpression, co-IP of Cav-1 and ATG12 was decreased in spite of the increased ATG12-ATG5 conjugate, Fig. 4C ). Furthermore, the interactions between Cav-1 and ATG12 or ATG5 declined during starvation, also regardless of the increased cellular level of ATG12-ATG5 (Fig. 2A) . These data altogether suggest that Cav-1 may interact with free from of ATG12 or ATG5 stronger than with their ATG12-ATG5 conjugate.
Unlike the irreversible conjugation of ATG12-ATG5, the interactions between Cav-1 and ATG5, ATG12, or ATG12-ATG5 are disassociated during the autophagy process when stimulated by starvation or CSE (Fig. 2, A-C) , and this kinetic is very similar to that of Cav-1-LC3B interaction (Fig. 2D (Fig. 7) . In addition to our studies (5, 19, 36) , others have also observed that significantly increased levels of autophagy in a variety of Cav-1 deficiency cells and tissues, including epithelial, endothelial, stromal, and cancer cells, and adipocytes (3, 18, 25, 26) , which emphasizes a ubiquitous function of Cav-1 in suppression of autophagy.
It should be noted that in our present study we demonstrated that overexpression of ATG5 or ATG12 eventually enhanced autophagy in lung epithelial Beas-2B cells, whereas in a previous study Fujita et al. (9) observed that in PC12 cells overexpression of Atg5 did not affect autophagy and overexpression of Atg12 or Atg16L even inhibited LC3 lipidation and autophagy. However, recently it has been reported that in MCF-7 cells overexpression of ATG5 could rescue the autophagic activity (39) , and overexpression of ATG5 in mice could activate autophagy and extend lifespan in vivo (34) . Thus the effects of overexpression of these ATG proteins in regulation of autophagy may vary between different cells and study models.
It might be of interests to note that in the fractionation experiment a small part of ATG12-ATG5 existed in the float fractions 3-5 (Fig. 3A) , whereas the confocal analysis revealed little interactions occurred on the plasma membrane. One plausible explanation is that during fractionation some of the autophagosomes, especially the small-sized ones, were not disrupted, so that these undestroyed autophagosomes might exist in the float fractions. The sizes of autophagosomes are usually 0.5-1.5 m (28), whereas in some conditions they could be as small as 100 -200 nm in diameters (1), similar to the sizes of caveolae. The highly lipidated LC3B-II in autophagosomes may lead these vesicles have the same physicochemical characters as caveolae.
Our studies demonstrated that the expression of ATG16L was modulated by Cav-1 in Beas-2B cells as well (Fig. 6) , which was consistent with the levels of autophagy. Thus the function of Cav-1 in autophagy homeostasis might also be due in part to its regulation of ATG16L, although the detailed molecule mechanisms of this process need further investigation.
Cav-1 has been shown to play important roles in a number of human diseases; however, whether the role of Cav-1 in these diseases is due to its regulation of autophagy requires further investigation, probably depending on how importantly autophagy plays a role in the pathogenesis of the diseases. We have demonstrated that autophagy mediates cigarette smokinginduced lung epithelial cell apoptosis and contributes to the development of COPD (4, 5, 36) . In agreement with this, Cav-1 knockout mice displayed increased levels of autophagy and were more susceptible to cigarette smoking-induced COPD (5). In a systemic sclerosis model, Castello-Cros and colleagues (3) have also observed enhanced autophagy in Cav-1 null mice; they suggest that inhibition of autophagy and aerobic glycolysis may represent a new promising therapeutic strategy for halting fibrosis in systemic sclerosis patients. In these disease models, the functions of Cav-1 in disease pathogenesis appear to be mediated, at least in part, by autophagy. In lipopolysaccharide (LPS)-induced lung inflammation and sepsis models, deletion of Cav-1 resulted in decreased production of inflammatory mediators and animal mortality (10, 27) , but whether this function of Cav-1 is due to autophagy remains unclear, although recently autophagy has been shown to suppress LPS-induced inflammation and LC3B-deficient mice were more susceptible to LPS-induced mortality (31) .
In addition to our recent studies showing that autophagy mediates cigarette smoking-induced lung epithelial damage (2, 4, 5, 36) , other works have also demonstrated that autophagy positively regulates lung injury induced by influenza H5N1 (33, 38) , nanomaterials (21, 23) , and ventilation (24) . Thus inhibition of autophagy might represent a valuable therapeutic target in certain lung diseases (30) , and preservation of Cav-1 might acquire therapeutic benefits in these diseases.
In conclusion, our present study represents initial efforts to explore the molecular mechanisms by which Cav-1 suppresses autophagy through physical interactions with the ATG12-ATG5 system and regulation of ATG16L in lung epithelial cells. Thus Cav-1 functions as a spontaneous suppressor of autophagy by association with autophagic proteins ATG5, ATG12, ATG12-ATG5 conjugate, and LC3B, as well as through modulation of ATG16L expression. Cav-1 plays important role in certain human diseases, possibly through regulation of autophagy.
